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Rodents are invaluable models for cardiovascular research, in part because of the extensive knowledge of their genome, homogeneity of study population, reproducible pathological phenotypes, and relative ease of creating genetically modified models. Surgical techniques that induce myocardial overload, infarction, and dysfunction in mice and rats have enabled a reliable identification and assessment of key physiological, molecular, and biochemical mechanisms of cardiovascular diseases (43) . With the use of noninvasive imaging tools such as ultrasound echocardiography, cardiovascular evaluation of rodents has further led to the translational development of new diagnostic techniques and therapeutic strategies to predict and prevent cardiovascular disease complications in humans (82) .
Echocardiography remains a gold standard for a reliable assessment of cardiovascular structure and function in humans (19) . The technology's allure lies primarily in its portability, relative affordability, widespread availability, noninvasive nature, and rapid real-time imaging capabilities. With advancements in clinical echocardiography, the technicalities and conceptual framework of the methodology and equipment have been extended from humans to small animals. Ultrasound imaging greatly facilitates the evaluation of cardiac function in transgenic animals, as well as surgically induced mouse models of cardiovascular disease (11, 30) . Furthermore, it permits a serial acquisition and an assessment of cardiac anatomy and function without inducing significant changes to the animal or its physiology. Importantly, with these tools, longitudinal studies within the same animal are feasible for a continuous assessment of pathological remodeling and treatment strategies (14, 34) .
While echocardiographic image and data acquisition are relatively standard in humans, murine myocardial characteristics require high spatial and temporal resolution. Over the last decade, challenges such as small animal size (mouse, ϳ18 g), orientation of the heart, and high heart rates (HRs, 500 -650 beats/min) have been overcome via high-frequency transducers (up to 70 MHz), improved signal processing, and superior imaging frame rates (700 frames/s), providing superior resolution (ϳ30 m) and image uniformity throughout the field with novel postacquisition analysis (48) . Along with these technological improvements, high-quality examination and careful data interpretation by an experienced, blinded operator to obtain meaningful and reproducible cardiac functional data are essential.
Small animal echocardiography has become a relatively routine procedure for the interpretation and analysis of factors associated with the development and progression of left ventricular (LV) myocardial remodeling in cardiovascular disease. However, several key factors warrant consideration. First, while intra-and interobserver variability is typically low (Ͻ 20%) for most ventricular measurements, measurements of parameters such as wall thickness can be quite variable (76) . Second, the cardiovascular traits of inbred mouse strains can have naturally different cardiovascular performance indexes (31) . For example, the C57BL/6J mouse has reduced LV function with eccentric LV hypertrophy compared with the A/J mouse. Third, while image acquisition performed under mild anesthesia is recommended (59) , complications of anesthesia (54) , such as reduced HR, and hypothermia can impact cardiac function and ventricular repolarization (3) . Although conscious human transthoracic echocardiography is standard, echocardiography in a conscious mouse, while feasible (76), may not be ideal for all applications due to the need for training regimens, difficulty in positioning and placement of transducer, and alterations in sympathetic and parasympathetic tone that inevitably result upon restraining the animal. Fourth, a standardization of technique (39) is essential to maintain consistency between animals. High-quality image acquisition necessitates a correct positioning of the animal, as well as the ultrasound probe. Adjustable animal handling platforms and imaging stations on an adjustable rail system enable reproducible customization of animal handling, probe positioning and image optimization, modulation of body temperature, and, importantly, integration of respiration, HR, and electrocardiogram with cardiac function (48) .
With these thoughts as a backdrop, the goal of this review is to provide an update of techniques, imaging modalities, and practical applications of rodent echocardiography. We describe echocardiographic approaches with proven clinical utility that are now amenable to rodent studies, enabling profound insights into the assessment of murine heart function. Examples of specific research applications are included for conventional imaging formats, as well as for more specialized imaging techniques, to illustrate the manifold utility of small animal echocardiography.
Transthoracic Imaging and Assessment of Rodent Hearts
High-frequency sound beams penetrating the thoracic cavity are reflected back to the ultrasound transducer when reaching an interface between tissues of different acoustic impedance such as myocardium, valves, and blood. This reverberated signal when processed by the software produces a real-time image of the heart. The signals are displayed as various points on the image and the brightness dependent on the amplitude of the returning signal. In the adult rodent heart, the myocardium reflects more ultrasound (appears white, hyperechoic) than the blood (appears black, hypoechoic). Echocardiographic probes operating at ultrahigh frequencies use linear array technologies with improved near-field imaging for superior spatial resolution (48) , defined as a function of both depth and width (Fig. 1) . Comprehensive transthoracic echocardiography in rodents uses four principal imaging formats to assess cardiac function: bright- Fig. 1 . B-mode image views of a mouse heart. A: apical four-chamber view of the mouse heart. B: parasternal long-axis view at the level of the papillary muscle. C: shortaxis view of the ventricle. D: suprasternal view of the aorta and its branches. Images were acquired using the Vevo 2100 ultrasound system (Visualsonics). AoV, aortic valve; Ao, aorta; Asc Ao, ascending aorta; AW, anterior wall; IA, innominate artery; LA, left atrium; LCCA, left common carotid artery; LSA, left subclavian artery; LV, left ventricle; PM, papillary muscle; PW, posterior wall; MV, mitral valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve.
ness mode (B-mode), motion mode (M-mode), Doppler imaging, and three-dimensional (3-D) imaging.
B-mode imaging. B-mode is the most basic of the echo modes and simply produces a real-time black and white image of the targeted site. B-mode images display two-dimensional (2-D) views of the heart and other vasculatures such as the aortic arch, pulmonary artery, and carotid artery (9) . This mode allows a nonquantitative assessment of cardiac phenotype, chamber dimensions, and heart function and the visualization of fine cardiac structures such as the chordae, papillary muscle, and valvular structures. Short-and long-axis cineloops may be traced in diastole and systole to assess cardiac function. Figure  1 illustrates B-mode images of a normal heart from a wild-type mouse showing an apical four-chamber view of both the mitral and tricuspid valves (Fig. 1A) , parasternal long-axis view (Fig.  1B) , short-axis views at the level of the papillary muscle (Fig.  1C) , and a right parasternal view of the aorta and its branches (Fig. 1D) . In general, the right ventricle (RV) may not be clearly visualized in short-axis views, in part because of the interference of the sternum, preventing a complete analysis of the RV (60) . By allowing a regular distribution of lateral resolution over the entire field, B-mode can serve as a guidance platform to the operator for the correct positioning of structures that require further evaluation using other imaging formats such as M-mode and color Doppler imaging.
M-mode imaging. M-mode images are obtained by a rapid sequence of B-mode scans along a single line or axis that are displayed over time. A pencil beam of sound reflected from the moving endocardial and epicardial walls is converted to continuous waves depicting motion of the myocardium as it moves between systole and diastole (depth on the y-axis and time on the x-axis). This mode provides a very high temporal resolution (1,000 frames/s) of tissue motion along a narrow ultrasound beam, enabling precise measurements. Images accurately reflect the wall motion and allow an assessment of the LV contractile pattern. A tracing of the wall along the epicardial and endocardial borders allows an assessment of global LV functional parameters including ejection fraction (EF), fractional shortening (FS), cardiac output, and stroke volume, as well as wall and interventricular diameters, abnormal segmental wall contraction, and LV mass (12, 37, 78) . M-mode images may be taken from the long-or short-axis and are typically at the level of the papillary muscle. An ice-pick M-mode view of the ventricle obtained from a short-axis view is illustrated in Fig. 2 .
Doppler imaging. Doppler imaging uses the Doppler shift principle reflected by the moving target (i.e., blood cells) to determine blood flow velocity and direction. An increase in the Doppler shift correlates with increasing velocity of blood flow. The Doppler shift is affected by the alignment of the ultrasound beam and the flow of blood: the more parallel the beam, the less attenuation of the Doppler shift signal.
In pulsed-wave Doppler, the transducer transmits and receives the sound waves, allowing for a determination of blood flow velocity profile from a precise location using 2-D image guidance. Transvalvular flow velocity waveforms obtained from pulsed-wave Doppler can be used to calculate peak velocities, ejection time (ET), and velocity time intervals. Particularly, transmitral flow velocity profiles have been useful in the assessments of diastolic function, including isovolumic contraction and relaxation times, ratio of early (E)-to-late (atrial, A) ventricular filling velocities (E/A), and deceleration of E wave (Fig. 3A) . Rapid physiological HR of the mouse often results in partial or complete fusion of E and A waves (21) . Notably, a fusion of the waves may also be an indicator of diastolic dysfunction in genetically engineered mice at comparable HRs to wild-type control littermates (80) .
In color Doppler imaging, a color-encoded map of flow velocity and direction is superimposed on the 2-D image. Blood flowing toward the ultrasound transducer has an increase in echo frequency and is identified by the color red; flow away from the transducer has a decrease in echo frequency and is identified by the color blue. Blood flowing horizontally is not detected; an alignment of the ultrasound beam as close as possible to the direction of the flow of blood is, therefore, critical to enable detection directly toward or away from the transducer. Figure 3B illustrates color Doppler patterns through the aortic arch from a normal mouse. The colors red and blue show the direction of flow through the arch, and the various hues represent differing velocities. Doppler evaluation of blood flow and velocity can be obtained in nearly any vascular bed; it is particularly useful to determine the severity of transverse aortic constriction (TAC) surgery to induce LV hypertrophy (Fig. 3C ). In the presence of turbulent flow, a mosaic of colors results at the site of stenosis. Pressure/flow gradients attained through pulsed-wave Doppler allow for an assessment of the severity and reproducibility of the stenosis.
Other Doppler-based measurements such as Doppler tissue imaging (DTI) and myocardial performance index (MPI, discussed in the following section) are used alternatively or in combination to assess global and regional cardiac function as well as vascular properties in rodents. DTI obtained from the mitral annulus or LV posterior myocardium measures tissue motion velocity. MPI to assess systolic and diastolic function is obtained from pulse or tissue Doppler. Importantly, these values are less influenced by preload and afterload unlike other routinely measured functional parameters such as EF and FS.
3-D imaging. As described above, B-mode and M-mode are a grayscale display of amplitude in two and one dimensions, respectively. A challenge is the restriction of the dynamic range from weak scatter reflections being lost at conversion without logarithmic conversion of signal amplitude. Acquisition of 3-D echocardiography based on reconstruction from multiple 2-D images (from sequential cardiac cycle) is a superior and feasible approach for visualization of cardiac structures from any spatial point of view. Through the use of electrocardiogram and respiration-gated 2-D image acquisition (14, 83) , true end-systolic and true end-diastolic frames with excellent temporal resolution are captured and reconstructed into a 3-D image that is near real time, spatially precise, and without the burden of any motion artifacts. Semiautomated 3-D acquisition imaging obtained from varying transducer positions at the same points in cardiac cycle provides high throughput analysis of LV volume and mass (Fig. 4) . These images provide absolute LV chamber volume and function in normal and chronically infarcted mice without the need for geometric assumptions (14, 58) , a limitation in 2-D and M-mode imaging. Using this approach, Dawson and colleagues (14) constructed 3-D reconstruction images from 500-m consecutive shortaxis slices to determine LV volumes. A quantitative analysis strongly correlated with values obtained from MRI imaging, and infarct size measurements were accurate. While this modality is feasible with 2-D transducers, it is time consuming, requires high-quality 2-D images, and necessitates stable HRs. Furthermore, with the progression of myocardial infarction (MI), an accurate LV mass calculation may be skewed with scar thinning and fusion of epicardial and endocardial walls over time. Real-time 3-D echocardiography is an exciting future possibility for accurate and reproducible detection and quantification of LV dyssynchrony.
In addition to the above described imaging formats and modes, echocardiography offers several other sophisticated formats for diagnostic imaging, such as contrast echocardiography, ultrasound biomicroscopy, and fetal imaging. These techniques, successfully used for imaging mice and rats, are briefly described in the latter part of this review.
Evaluation of Cardiac Function in Murine Hearts
Myocardial performance is affected by three main factors: geometry of the ventricles (ellipsoid LV and crescent-shaped RV), orientation of myocardial fibers (longitudinal in the subendocardium, radial subepicardium, and circumferential midwall), and wall elasticity (for synchronous interaction of the myocardial segments). The complex interplay between these heart muscle sections produces longitudinal and circumferential shortening, plus radial thickening in cardiac systole. In response to cardiac injury and conditions of increased load, e.g., post-MI, myocardial ischemia-reperfusion (I/R), or TAC, cardiac remodeling manifests as alterations in shape, size, and function. Serial transthoracic imaging used to evaluate the progression of myocardial dysfunction (6, 44) and characterize phenotypes of genetically altered mice (1) aid our understanding of clinical cardiac pathology. Echocardiographic measures to evaluate cardiac function, such as the assessment of ventricular volume, EF, FS, isovolumic relaxation and ventricular filling, myocardial thickening, and regional wall contractility are described in the following sections.
Systolic function. The most common functional surrogate of cardiac function is EF (in %) and FS (in %). Ventricular dimensions (such as thickness of the anterior wall, posterior wall, and the interventricular septum) measured at end systole and end diastole can be used to reproducibly calculate indexes of LV function, LV mass, stroke volume, and cardiac output (based on assumptions of a "normal" LV geometry). The average LV function measurements from 36 normal mice, under light inhaled isoflurane anesthesia, are shown in Table 1 . Echocardiographic analysis under injectable or inhaled anesthesia is typically reported at HRs ranging from 300 to 550 (36, 54, 76) compared with 658 Ϯ 9 beats/min in a conscious animal (76) . The impact of anesthetic agents on the hemodynamic state, HR, and cardiac LV function is well recognized. Particularly, low HR associated with deep anesthesia (ketamine-xylazine, pentobarbital sodium, etc.) is accompanied with cardiac depression, LV dilatation, and reduced LV functional parameters (54, 70) . HR positively correlated with FS (75); high HR (Ͼ550 beats/min) results in stable LV contractility and echocardiographic measures, allowing for a minimal force-frequency dependence in these conditions (22) . The LV internal diameter at end diastole negatively correlated, i.e., low HR results in slowed diastolic filling (75) , maintaining a stable HR is particularly crucial in evaluating cardiac function under conditions of LV hypertrophy and remodeling. Accordingly, an echocardiographic assessment under carefully modulated low grade-inhaled volatile anesthesia allows for near-physiological HR (i.e., Ͼ500 beats/min) and cardiac function for echocardiographic imaging (Table 1) with minimal anesthesia-related cardiac depression.
Myocardial remodeling (after MI and pressure and volume overload) promotes geometric maladaptation of the LV over time. Myocardial stress due to pressure overload initially results in reduced LV volume and increased wall thickness with no change in cardiac size. Conditions of volume overload then cause cavity dilatation, thinning of the ventricular wall, and increase in LV mass from LV enlargement. Reduced contractile function and progression of LV remodeling ultimately leads to the development of heart failure (HF) (53) . Figure 5 illustrates B-and M-mode images of LV hypertrophy (Fig. 5, A-C) , LV dilatation (Fig. 5, D-F) , and MI (Fig. 5,  G-I) , demonstrating the structural and functional characteristics of LV remodeling. LV hypertrophy is associated with wall thickening and prominent papillary muscle. Ventricular chamber dilatation, decreased EF and FS, and changes in thickness of myocardial wall reflect impaired ventricular filling and myocardial contractility on echocardiography after myocardial injury. Unlike remodeling from pressure and volume overload, M-mode-based echocardiographic assessment of infarct size poorly correlates with the functional parameters after MI and histologically derived infarct size values (20, 34, 69) . Thus regional LV function measurements from a single M-mode measurement may not always be extrapolated to estimate global LV function. To account for these geometric changes within the ventricle, multiple short-axis views roughly identified by visualizing anatomic landmarks may need to be obtained. In a recent study (81) , an endocardial length-based approach using four equally spaced (1 mm apart) short-axis views strongly correlated with histologically assessed infarct size. While this approach may only be feasible when assessing transmural MI, it may not reflect an accurate determination of infarct size following I/R injury.
An estimation of LV volume and mass is obtained using the area-length method (29) from a parasternal long-axis view or using the Simpsons method (61) from the short axis. The former method assumes a uniform geometric shape of the LV, whereas the latter represents the LV cavity as a stack of disks. Thus LV volume is calculated as a summation volume of all disks. LV mass is calculated (12) by subtracting the volume of LV cavity at end systole from end diastole and multiplying by the myocardial density (1.055). Echocardiographic estimates of LV mass have been shown to correlate well with heart weight as assessed by necropsy following TAC surgery (12). The above-described method of LV mass calculation is typically applied to adult mouse models. The assessment of LV mass becomes mandatory in neonate and adolescent transgenic models. Accordingly, Ghanem et al. (24) have demonstrated an accurate estimation of systolic LV mass measurements in hearts weighing Ͻ50 mg. Future advancement and refinement of geometric methods and 3-D volumetric techniques may be useful for a more accurate determination of LV mass measurements.
Diastolic function. LV filling with the opening of the mitral valve at low left atrial pressures defines the diastole of the cardiac cycle. Ventricular filling velocity, described by the magnitude of the A wave and E/A ratio (passive/active filling estimates LV relaxation, using pulsed Doppler across the mitral valve, Fig. 3 ) is a functional parameter of diastolic Values are means Ϯ SE; n, number of mice (8 -10 wk old). Echocardiography measures were obtained from a short-axis view at the level of the papillary muscle. LV, left ventricular. function in small animal models (17, 33, 56) . Impaired relaxation, pseudonormalization, and restriction depict abnormal ventricular filling patterns (21) and have been used to characterize the abnormal phenotype of numerous genetic and surgical mouse models, including the phospholamban knockout and mutant mice (62) . While these diastolic indexes have been correlated with varying E/A ratios in humans, a similar categorization has not been well defined for murine pathophysiology. Mitral annual diastolic motion (E= and A= waves) analysis correlates with increased LV filling pressures in mouse models of cardiomyopathy (42) and in aged mice with mutation of cardiac troponin I (17) . A decrease in the E/A ratio is a strong indicator of diastolic dysfunction and may be due to a stiff or fibrotic LV. The ventricle is unable to fill as well during the early phase of diastole and has an increased reliance on active filling (A wave) to passive filling (E wave). The acceleration time of the transmitral Doppler E wave is prolonged in the initial phase of LV filling and further in the assessment of the pseudonormalization and restrictive phase in murine models (80) . Other parameters derived from transmitral Doppler waveform such as ventricular ET, diastolic intervals of isovolumic relaxation time (IVRT), and deceleration times of the E wave have been strongly correlated with invasive measurements in the spontaneous hypertensive rat model (65) . Impaired LV relaxation is further associated with prolonged IVRT and prolonged E-wave deceleration times (11) .
The MPI, Tei, is a noninvasive global indicator of systolic and diastolic function (71) and is obtained from mitral valve pulsed-wave Doppler measurements: MPI ϭ (IVRT ϩ IVCT)/ ET. Myocardial relaxation is dependent on ventricular load conditions. MPI can be obtained within the same cardiac cycle and is therefore independent of HR and LV shape (57) and is a reliable predictor of diastolic dysfunction (increased MPI). Changes in Tei value are particularly useful indicators of cardiac function following MI in rats (57) and nutrient restriction in mice (38) . Furthermore, Tei values strongly correlate with invasively derived contractility indexes and LV pressure over a range of hemodynamic conditions in mice (5).
Fig. 5. Transthoracic views of the heart from mouse with LV remodeling. B-mode and M-mode images depicting visualization of LV structure and function from a mouse with cardiac hypertrophy (A-C), cardiac dilatation (D-F), and myocardial infarction (G-I). Parasternal long-axis views (A, D, and G), short-axis views (B, E, and H)
, and M-mode images (C, F, and I) are shown. Images were acquired using the Vevo 2100 ultrasound system (Visualsonics). Pulmonary artery Doppler imaging, like aortic Doppler imaging, is relatively straightforward in rodents. Pulmonary venous Doppler technology, while routinely used in patients for the assessment of diastolic function, has not been noticeably used in the small animals. A primary distinction in the mouse is the presence of a single large pulmonary vein, which imposes technical challenges to visualize on apical four-chamber views. Furthermore, a large pulmonary vein in relation to the left atrium of the mouse results in lower pressure and less robust flow profile. The Doppler flow waveforms in the mice suggest an increased forward flow volume during ventricular diastole in the mice, and therefore a useful indicator of diastolic dysfunction (80) . Additional studies imaging the pulmonary vein at higher resolutions are warranted.
Regional Ventricular Function
Global LV function is an index of murine myocardial performance. A limitation of commonly measured LV function indexes (EF and FS) is its dependence on preload and/or afterload (49) . Furthermore, regional specificity is particularly important when measuring dyssynchronous contraction and Fig. 6 . Strain-based vector mapping of cardiac function. A: normal ventricular function involves deformation in longitudinal (L), circumferential (C), and radial (R) planes. In both long-and short-axis, the LV segment is divided into six regional segments. B and C: serial vectors (arrows) reflecting tracking of segmental myocardial deformation during LV contraction from systole to diastole from a normal mouse (B, top) and after myocardial infarction (MI; C, bottom). Tracing of endocardial and epicardial borders are also depicted. Note that the vectors depict rotational direction as well as velocity and displacement. Images were acquired using the Vevo 2100 ultrasound system (Visualsonics). Ant, anterior; Inf, inferior; Lat, lateral; Post, posterior. function of reversibly injured yet viable myocardium following MI or I/R and in detecting subtle myocardial dysfunction not determinable by conventional echocardiography. Load-independent measures are thus ideal for a complete insight into LV mechanics. The relationship between LV wall stress and ratecorrected velocity of fiber shortening (10), LV pressure-volume assessment, and LV systolic rotation using MRI (25) provides valuable, load-independent analysis of LV contractility. However, the ease of availability and superior temporal resolution of echocardiography makes it attractive for a loadindependent assessment of ventricular function (56, 77) with clinical utility. In addition to MPI (described above), using one dimensional (1-D)-based DTI and 2-D-based speckle-tracking techniques, myocardial motion, and deformation for specified regions of the heart, particularly of the ventricle, can be assessed as described below.
Doppler tissue imaging. DTI measures in humans is a sensitive measure to predict early cardiac dysfunction in the absence of histological abnormalities and normal LV systolic function (79) . Indexes of DTI in rats and large animals have been validated as sensitive measures of ischemia (16), pressure overload (15) , and cardiomyopathy (7). Tissue Doppler velocity is based on the same principle as color and pulsed-Doppler technology used for blood flow assessment. High-and lowpass filters differentiate signals originating from the blood flow and moving tissue. Myocardial velocities and DTI parameters [strain and strain rate (SR)] in mice are derived through a parasternal short-axis view reflecting radial motion (18) . The three basic velocity waveforms include two in the early and late diastole (E a and A a , respectively) and one in systole (S a ). Normal peak endocardial velocities in the mice average 3.4 Ϯ 0.1 cm/s, and epicardial averages are 2.3 Ϯ 0.2 cm/s (56) . A decrease in the E a -to-A a ratio indicates diastolic dysfunction. Peak LV systolic and diastolic endocardial velocities detect subtle changes in LV function, for example with doxorubicin treatment before conventional echocardiography measures (41) . Diastolic velocities are also altered in genetic heart failure models, such as the phospholamban knockout mice (62), fattyacid induced cardiac injury (8) , and after TAC (56) .
Tissue Doppler measures are derived from 1-D velocity measurement in the direction of a single scan line and detects the component of motion that is parallel to the ultrasound beam. Thus myocardial segment velocity may be influenced from the tethering of adjacent myocardial segments with each other (18) . Myocardial deformation calculations, such as strain and SR, are therefore attractive parameters, since passive myocardial motions do not affect these parameters. Radial SR is derived from the velocity gradient between endocardium and epicardium over wall thickness, and longitudinal SR is derived over a segment with a fixed distance. Peak radial strain averages in mice are 14.2 Ϯ 0.7 s Ϫ1 (56) and correlates with invasive measures of systolic function (41) . Reductions in SR predict transmural infarct in early ischemia (72) and can detect subtle cardiac injury after doxorubicin treatment (41) . Particularly, strain measures from subendocardium are a marker of myocardial dysfunction in the setting of myocardial hypoperfusion and mechanical stress (28) .
While Doppler technology has a high temporal resolution, the spatial resolution is limited and DTI indexes are sensitive to transducer orientation and Doppler angle dependency. Myocardial torsion can move the sample out of the sampling field and is an important consideration when assessing nonuniform myocardial function. It may also be emphasized that SR is also extremely sensitive to signal noise since it is dependent on the quality of the velocity data.
Speckle-tracking imaging. Recent echocardiographic imaging techniques based on tissue deformation provide an improved accuracy of myocardial contractility and quantification of regional myocardial function. Speckle-tracking imaging (STI) is a novel, non-Doppler-based technique used to detect myocardial wall motion (velocity, displacement) and myocardial deformation (strain and SR). A summary of the terms used in speckle tracking-based measurement is listed in Table 2 . The basic principle of speckle tracking is that the interference of the reflected ultrasound gives rise to an irregular speckle pattern (68) . Endocardial and epicardial borders of the LV myocardium may be semiautomatically traced, and subsequent speckle patterns are identified along the path of the trace. Randomness ensures that each region of the myocardium has its own unique speckle pattern that can enable differentiation of a single region from any other region. Each unique group of speckles, called kernels, remains unchanged as they follow the myocardial wall; these kernels can be tracked from frame to frame through the use of a speckle-tracking algorithm (e.g., VevoStrain, VisualSonics). The resulting geometric shift can be used to calculate regional velocity, displacement, strain, and SR along the radial, circumferential, and longitudinal planes of the heart (Fig. 6A) (46) . This is superior in contrast to DTI that is Doppler dependent, and measurements can only be obtained from the anterior and posterior ventricular wall. Speckletracking assessment of myocardial performance may be obtained from long-and short-axis B-mode cineloops. Quantitative data may be presented as curves, tables, segmental color wheels, or as color display (parametric 2-D/3-D imaging) to allow a quick visual assessment of LV functional data over a larger area.
Displacement and velocity represented as vectors can be used for characterization of global and regional myocardial mechanics. An example of velocity/displacement vector imaging over a full cardiac cycle comparing a normal and MI heart is illustrated in Fig. 6 , B and C. Displacement (in cm) along the radial and longitudinal axes, measured as the distance traveled by the kernels from peak diastole to full systole, is presented as a positive bell-shaped curve. Radial and longitudinal velocities (in cm/s) are positive during systole (myocardium shortens and progresses inward) and negative during diastole (myocardium lengthens and progresses outward). Circumferential displacement and velocity are measured as degrees and degrees per second, respectively, unlike the units for radial and longitudinal axes. A positive and negative value for displacement represents a counterclockwise and clockwise rotational change of the myocardium, respectively. A positive and negative value for circumferential velocity represents a counterclockwise and clockwise rate of rotational change of the myocardium, respectively.
Strain and SR are useful in the detection of regional myocardial function. Radial strain, defined as the percent change in myocardial wall thickness, can be measured in both the shortand long-axis views. Consequently, radial strain is a positive curve reflecting increasing myocardial thickness during systole and diminishing wall thickness during diastole. Circumferential strain, representing the percent change in myocardial circumference, is measured from a short-axis view. Longitudinal strain detects the percent change in length of the ventricle, Values are means Ϯ SE; n, number of mice. Statistical analysis was computed using repeated-measures one-way ANOVA. ***P Ͻ 0.0001, **P Ͻ 0.01, and *P Ͻ 0.05 vs. baseline. #P Ͻ 0.0001 and †P Ͻ 0.001 vs. transverse aortic constriction (TAC) (2 wk). Note that the speckle-tracking measures, particularly of strain and strain rate (SR), are highly significant within 2 and 4 wk of TAC compared with baseline. These parameters enable detection of subtle changes in LV performance before changes in global LV function (ejection fraction and fractional shortening).
typically measured from the endocardial wall in the long-axis view. During systole, the myocardial fibers shorten from base to the apex of the heart, with a decrease in LV circumference, reflected as a reduction of distance between kernels. Consequently, circumferential and longitudinal strain decreases to a negative value. With an increase in LV circumference and length during diastole, strain moves in the positive direction. Figure 7 illustrates speckle tracking-based strain measures and curvilinear data of normal ventricular function and after cardiac hypertrophy following TAC surgery. For a review on the fundamentals and concepts of myocardial strain and STI, the readers are kindly referred to Geyer et al. (23) .
Time to peak analysis for strain and SR is a useful tool in evaluating the synchrony of segments through the cardiac cycle. The LV myocardium is divided into six distinct segments for regional calculations (Fig. 6A) . During normal LV function, all myocardial LV segments have similar velocity and therefore peak at relatively similar times (synchronized). Conversely, during abnormal LV function, certain myocardial segments moving at different velocity may result in delayed peak, resulting in dyssynchrony. Global strain value is the summation of peak strain and SR measurements across all six segments; regional strain values may be obtained at specific segments of the LV. Figure 8 illustrates the curves and time to peak for radial strain from a normal mouse and dyssynchrony after MI, along with vector and parametric visualization.
Strain and SR derived from STI reflect an improved assessment of myocardial contractility and quantification of regional myocardial deformation in humans (2, 40) . Particularly in the clinical setting, cardiovascular risk factors contributing to altered STI measures occur before the development of global LV dysfunction (13) . Technical advances have now permitted strain imaging measures in small animal models and are found to correlate well with conventional measures of LV function. STI can accurately predict pathophysiology during the evolution of MI (4, 50) and TAC-induced heart failure in mice (45) .
The average values for speckle-tracking measurements from normal mice and after 2 and 4 wk following TAC surgery are presented in Table 3 . STI-derived radial strain and SR (from both long and short axis) and circumferential strain significantly decreased during early stages of TAC-mediated LV remodeling at a time when there was no appreciable reduction in global LV function. These findings are in accordance with a previous publication showing sensitivity of circumferential and radial strain during TAC-mediated LV dysfunction (45) . Strain measures across all three planes, radial, circumferential, and Fig. 9 . Myocardial contrast imaging. A: long-axis view of mouse ventricle before contrast injection. Image was captured in nonlinear contrast mode that eliminates tissue signal to identify contrast signal after a bolus injection. Contrast agent was administered via the tail vein. B: long-axis view of mouse ventricle after contrast injection (50-l bolus injection). Contrast agent is seen in the cavity as well as in the AW and PW, which have been outlined in the image. C: intensity changes in myocardium after a bolus injection. Two regions of interest (PW and AW) are outlined, and the increase in intensity due to contrast uptake is plotted. Various types of perfusion kinetics may be extrapolated from these types of graphs. Images were acquired using the Vevo 2100 ultrasound system (Visualsonics). AU, arbitrary units.
longitudinal, are useful. The former two axes reflect the activity of the midmyocardium. Furthermore, longitudinal strain measures along with circumferential SR are an independent predictor of mortality in high-risk patients with MI (32). Accordingly, Dr. Liao's group recently found in a mouse model of MI (4) that longitudinal strain from global and regional (at infarct and remote MI) LV segments were highly sensitive in identifying myocardial dysfunction early in the course of MI and subsequently in the follow-up period, where detrimental effects of MI can be clearly seen. Thus a serial application of STI in this study was useful in the identification of beneficial effects following rescue therapy on myocardial function before changes in global LV function (4) .
While STI is a highly attractive technology, it is relatively new and evolving. Strain measurement using STI is a semiautomated process dependent on the quality of image and hardware and therefore is easily reproducible with minimal operator variability. An accurate delineation of the endocardial and epicardial borders is dependent on high-resolution echocardiographic imaging. An optimal frame rate of ϳ233-347 frames/s gives high temporal resolution and spatial definition to obtain quality speckle-tracking information. The utility of STI can be further improved with higher frame rates to accommodate for faster HRs in mice, while still preserving temporal and spatial resolution. Lastly, it is important to determine diastolic SRs as additional surrogates of regional wall abnormalities.
Myocardial Perfusion Assessment
LV remodeling and coronary angiogenesis are closely interlinked with altered myocardial perfusion in human cardiac pathology. An assessment of the coronary vasculature using echocardiography permits an estimation of coronary flow velocity reserve. Color Doppler and myocardial contrast echocardiography techniques have been developed to measure myocardial perfusion in rodent models. , and x-axis shows time (in s). Images were acquired using the Vevo 2100 ultrasound system (Visualsonics).
Color Doppler ultrasound has been shown to permit the detection and measurement of the left coronary artery flow velocity in both the proximal and the distal segments (74, 83) . Measures of coronary velocity reserve under conditions of hypoxia (55) , hypertrophy after aortic banding (TAC) (26) , and vasodilatation (isoflurane inhalation) (27) have enabled the assessment of coronary microdysfunction during early and late pathological changes in the development of atherosclerosis and heart failure. In myocardial contrast echocardiography, contrast microbubbles agents filled with inert gas reflect sound waves returning to the transducer with increased signal-tonoise ratio. In its simplest application, contrast microbubbles enable an excellent visualization of ventricular cavity and myocardial walls in mice (Fig. 9) and thus the measurement of perfusion defects following ischemia and infarction (59) . A continuous injection of microbubbles permits an evaluation of coronary perfusion following MI via coronary artery ligation (51) and coronary dobutamine stress in mice (52) .
Contrast agents react to sound waves; microbubbles can be ruptured by high-energy sound waves and thus be used for a targeted delivery of compounds for functional imaging. With the use of this property, microbubbles coated with recombinant adenovirus for ␤-galactosidase and constitutive promoter increased myocardial transfection and ␤-galactosidase activity compared with conventional viral construct injection or nondisrupted microbubbles (64) . Very recently, pioneering work in using conjugated microbubbles targeted to markers such as VCAM-1 (35) and ICAM-1 (73) allows for monitoring of inflammatory changes during atherosclerosis and acute transplant rejection. In addition to these technologies, ultrasound biomicroscopy application is emerging in adult rats and mice to visualize myocardial tissue at microscopic resolution. With this, lumen-narrowing plaques may be identified and measured in pathological mouse models of atherosclerosis (74) .
Murine Fetal Echocardiography
Fetal and perinatal death is not uncommon when studying genetic alterations affecting the cardiovascular system. Ultrasound imaging of the live fetus in utero is valuable for early recognition of abnormalities and longitudinal follow-up of disease progression to study the role of genes in the early development of cardiac function (Fig. 10 ). An application of high-frequency probes with conventional 2-D and pulsedDoppler imaging have been shown to provide measurements of cardiac contraction and HRs at embryonic day (E)14.5 (66) . FS measured in normal C57BL6 fetuses was found to be ϳ50% at E16.5 and E18.5. Color Doppler has been particularly useful for in utero screening of valvular regurgitation and structural cardiovascular abnormalities in the fetal mice (63) . Ultrasound biomicroscopy imaging of the fetus has improved 2-D resolution and can provide excellent information on the early development of cardiac structures [from E8.5, (67)] and can be used as a tool for interventional procedures such as injections. This system also allows imaging of blood flow velocities for excellent hemodynamic assessment of the fetal circulatory system. Nuclear factor of activated T cell-deficient embryos has been shown to have a reversal of flow in dorsal aorta and a reduced ventricular compliance with the rapid progression to heart failure (47). Fetal imaging technology, developed over a decade ago, although not widely used in routine procedures, holds a promising future for high throughput fetal cardiovascular screening.
Conclusions
Small animals are powerful model systems for a mechanistic understanding of both normal cardiovascular function and the pathological basis of cardiovascular diseases. Recent advances in imaging technology provide improved spatial and temporal resolution of rodent myocardium, allowing an extraction of increasingly precise physiological information. The evaluation of cardiac function, beyond the use of conventional modalities, is an emerging field in small animal models. Importantly, speckle tracking-based myocardial deformation can predict adverse remodeling of regional ventricular function before changes in global cardiac function. Such exciting advances lend credence to the notion that an improved assessment of cardiac structure and function in rodent models will effectuate diagnostic and therapeutic benefit in humans.
